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[1] Although routinely monitored by ground based air quality networks, the particulate
matter distribution could be eventually better described with remote sensing techniques.
However, valid relationships between ground level and columnar ground based quantities
should be known beforehand. In this study we have performed a comparison between
particulate matter measurements at ground level at different cut sizes (10, 2.5 and 1.0 mm),
and the aerosol optical depth obtained by means of a ground based sunphotometer during
a multiinstrumental field campaign held in El Arenosillo (Huelva, Spain) from 28 June to
4 July 2006. All the PM fractions were very well correlated with AOD with correlation
coefficients that ranged from 0.71 to 0.81 for PM10, PM2.5 and PM1. Furthermore, the
influence of the mixing layer height in the correlations was explored. The improvement in
the correlation when the vertical distribution is taken into account was significant for days
with a homogeneous mixing layer. Moreover, the chemical analysis of the individual size
fractions allowed us to study the origin of the particulate matter. Secondary components
were the most abundant and also well correlated in the three size fractions; but for PM10
fraction, chemical species related to marine origin were best correlated. Finally, we obtained
a relationship between MODIS L3 AOD from collection 5.1 and the three PM cut sizes.
In spite of being a relatively clean environment, all the techniques were able to capture
similar day to day variations during this field campaign.
Citation: Estellés, V., et al. (2012), Study of the correlation between columnar aerosol burden, suspended matter at ground and
chemical components in a background European environment, J. Geophys. Res., 117, D04201, doi:10.1029/2011JD016356.
1. Introduction
[2] Atmospheric pollution by aerosols is defined as the
change in the atmosphere’s natural composition due to
the suspension of particles, either by natural causes or by the
action of man [Mészáros, 1999], and is one of the major
environmental problems in developed countries [Lipfert
et al., 2000; Pope et al., 2002]. The effects of aerosols over
human health mostly depend on their size distribution [World
Health Organization, 1999]. In fact, according to their ability
to penetrate in the different areas of the respiratory system,
particulate matter is classified in inhalable (which can enter
the respiratory system), thoracic (which can penetrate into
the conducting airways and the bronchial region of the lung),
and respirable (which can enter the deepest part of the lung)
[Wilson, 1998]. For practical reasons, the aerodynamic
diameter thresholds for these types of particles are fixed at
10 mm (PM10), 2.5 mm (PM2.5), and 1 mm (PM1), respec-
tively. National authorities have fixed limits for the emission
of particulate matter (PM), first regulating the PM10 levels,
and now fixing limits on PM2.5. For example, in USA the
EPA (Environmental Protection Agency) regulated the levels
of PM2.5 in September 2006 (U.S. Environmental Protection
Agency, Standards, 2006, accessed May 2010, http://www.
epa.gov/air/particlepollution/standards.html), while in Europe
they were regulated in 2008 [European Parliament, 2008].
PM1 levels are still not regulated by these legislations,
although there are evidences that human health could be even
more sensitive to PM1 than PM2.5 and PM10.
[3] In general, particulate matter is measured at ground
level by networks of ground based instruments managed by
public administrations (generally at regional scale) with the
purpose of protecting the public health. The spatial repre-
sentativity of these networks is low and limited to the specific
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places where measurements are acquired. Moreover, in many
cases poor coordination exists between regional networks.
[4] However, atmospheric aerosols can also be measured
by remote sensing. This technique allows filling in the gaps
between ground level networks due to the broad spatial
coverage of satellite imaging, but its accuracy and resolution
is still low [Schaap et al., 2009]. Many studies have derived
the aerosol burden from satellite remote sensing, especially
from the Aqua and Terra satellites which carry on board the
MODIS sensor (MODerate-resolution Imaging Spectro-
radiometer). Correlations between the aerosol optical depth
(AOD) obtained by MODIS and the PM measured at ground
level have been previously made for different world areas,
mainly United States, Europe and China [Wang and
Christopher, 2003; Slater et al., 2004; Hutchison et al.,
2005; Koelemeijer et al., 2006; van de Kassteele et al.,
2006; van Donkelaar et al., 2006; Kaskaoutis et al., 2008;
Guo et al., 2009; Tian and Chen, 2010]. Moreover, Chu et al.
[2003] used MODIS images to characterize the aerosol load
at the North of Italy, the city of Los Angeles and the urban
area of Beijing.
[5] Before remote sensing data could be routinely used as
a proxy to monitor particulate matter, in situ measurements
at ground level must be related to columnar retrievals
performed from the ground. Several studies have obtained
empirical relationships between the column integrated AOD
and PM2.5 and PM10 concentrations for different regions
and environments. The AOD was obtained with different
instruments, as the Multifilter Rotating Shadowband Radi-
ometer (MFRSR) [Kim et al., 2006]; the LICOR spec-
troradiometer [Alföldy et al., 2007]; the MICROTOPS
Sun photometer [Das et al., 2009]; manually operated
Sun photometers [Ramachandran, 2005]; Linke-Feussner
actinometers [Veefkind et al., 1996] and LIDAR [Raut and
Chazette, 2009].
[6] Nevertheless, CIMEL sunphotometer is the most
employed instrument for characterizing the column inte-
grated AOD. Since year 2000, several articles have employed
CIMEL to retrieve the AOD and correlate it with measure-
ments at ground level of total particulate matter [Smirnov
et al., 2000], PM10 [Corbin et al., 2002; Xia et al., 2006;
Cheng et al., 2008; Schäfer et al., 2008; Schaap et al., 2009;
Zhang et al., 2010], PM2.5 [Corbin et al., 2002;Mukai et al.,
2006, 2007; Schäfer et al., 2008; Schaap et al., 2009; Boyouk
et al., 2010] and PM1 [Schäfer et al., 2008]. In some other
articles, LIDAR retrievals were also used to determine the
height of the mixing layer [Schäfer et al., 2008; Schaap et al.,
2009; Boyouk et al., 2010; Zhang et al., 2010; Córdoba-
Jabonero et al., 2011]. Table 1 summarizes the foremost
studies focusing on the correlation between ground PM
measurements and AOD obtained using CIMEL Sun photo-
meters. Most of these studies use daily PM10 or PM2.5
measurements in different environments (usually urban,
maritime or under the influence of high dust loads) and
spanning from 3 days to 3 years, mostly from few weeks to
few months. Sometimes, chemical parameters have also been
introduced, and only recently LIDAR retrievals have been
used to check the influence of the mixing layer height (MLH)
in the correlation between ground and column retrievals.
[7] One of the objectives of the DAMOCLES (Determi-
nación de Aerosoles por Medidas Obtenidas en Columna,
Lidar y Extinción, y Superficie) thematic network created inT
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2004, was to put together different Spanish groups that
independently measure and characterize atmospheric aero-
sols from different points of view, including its character-
ization at ground level and at the whole atmospheric column.
Keeping this idea in mind, DAMOCLES organized a field
campaign during the summer of 2006 in the installations of
the INTA (National Institute of Aerospace Technology) in El
Arenosillo (Huelva) (37.1°N, 6.7°W, 40 m a.s.l.) to compare
different instrumentation for aerosol characterization
[Martínez-Lozano et al., 2007]. The campaign took place
between 28 June and 4 July of 2006. Due to its location, the
sounding station of El Arenosillo is an exceptional site
for short-term and long-term determination of atmospheric
parameters [Pey et al., 2008; Sorribas, 2008].
[8] In this article we study the relationship of the AOD
measured by the CIMEL Sun photometers with the PM10,
PM2.5 and PM1 measured by different instruments during
the DAMOCLES field campaign, including the effect of
the mixing layer height estimated from LIDAR profiles. We
also include a discussion about the effect of an episode of
pollution transported from western Iberia on the chemical
composition and vertical distribution of particles.
2. Instrumentation and Methodology
2.1. Instrumentation
[9] In Table 2 we summarize all the instruments and
techniques used in this study. For in situ aerosol gravimetric
characterization, high volume samplers (DIGITEL and
MCV) with DIGITEL cut-off inlets for PM10, PM2.5 and
PM1 were deployed. PM10, PM2.5 and PM1 sampling was
carried out on quartz fiber filters Schlëicher and Schuell
(QF20 150 mm). Quartz fiber filters were first pre-treated at
200°C. Before and after sampling, the filters were condi-
tioned at 20°C and 50% RH, after that these were weighted
at least three times to obtain constant values. Mass PM con-
centrations were determined by difference of weight.
[10] Filters were analyzed by different techniques in order
to determinate the levels of about 60 elements and compo-
nents. A bulk sample acidic (HF:HClO4:HNO3) digestion
of 1/2 of each filter and subsequent determination of major
and trace elements by means of Inductively Coupled Atomic
Emission Spectrometry (ICP-AES) and Inductively Coupled
Plasma Mass Spectrometry (ICP-MS). The content of Cl,
SO4
2 and NO3
 was obtained by means of ionic chromatog-
raphy and a selective electrode was used to determine the
NH4
+ concentration. Total carbon (TC) content was measured
by using an elemental carbon analyzer (LECO). Levels of
organic and elemental carbon (OC and EC) were determined
in PM1 samples following the method described by Pio et al.
[1994]. Following these procedures it was possible to obtain
the concentrations of major species (SiO, CO3
2, Al, Ca, Na,
Mg, K, Fe, SO4
2, NO3
, Cl and NH4
+) and trace elements
(Li, P, Ti, V, Cr, Mn, Co, Ni, Cu, Zn, As, Se, Rb, Sr, Mo, Cd,
Sn, Sb, Ba, La, Ce, Hf, Pb, Bi, Th, U). Details on instruments
and analytical procedures are given by Pey et al. [2008].
[11] PM10, PM2.5 and PM1 levels were also continuously
monitored (on a 10 min basis), using a laser spectrometer
GRIMM 1107. This instrument provides real time measure-
ments of number concentrations for PM0.3–10 that are
automatically converted to mass concentrations for the three
size fractions by applying specific privative algorithms.
In order to harmonize the concentration measurements, the
resulting PM data were corrected using factors obtained by
the comparison with gravimetric measurements performed
simultaneously for each fraction. In all cases both measure-
ments showed good agreement, with correlation coefficients
R2 between 0.8 and 0.9. High volume (30 m3 hour1)
instruments MCV-CAV for PM10 and PM2.5 and DIGITEL
for PM1, equipped with cut off DIGITEL inlets, were
employed to collect PM10, PM2.5 and PM1 fractions.
Sampling periods were intended with 12 h resolution, from
10 to 22 h and 22–10 h local time. This sampling program
resulted in the collection of 14 valid samples for each
fraction.
[12] The columnar aerosol optical depth was retrieved by
seven CIMEL CE318 Sun photometers included in the
RIMA/AERONET (Red Ibérica de Medida de Aerosoles/
AERosol Robotic NETwork) networks [Cachorro et al.,
2007] and one independent instrument from the University
of Valencia. The CIMEL CE318 is a solar photometer
designed for automatic measurements of direct solar irra-
diance and sky radiance at 440, 500, 670, 870, 940, and
1020 nm channels. The full width at half maximum (FWHM)
is some 2–10 nm, depending on the channel. The sensor
head is equipped with a double collimator with a 1.2 ° field
of view (FOV). Estellés et al. [2006, 2010, 2011] described
and validated the algorithms used in this study to calculate
the AOD from the CE318 radiometer. The comparison
(rmsd) of the values obtained this way with the AERONET
retrievals was 0.0005–0.0019 for the VIS-NIR channels and
0.0036–0.0051 for the UV channels, well within the associ-
ated uncertainty of 0.02.
[13] A total number of five LIDAR instruments were
deployed on the site: two laboratory systems from Barcelona
and Madrid, a Raymetrics LR321 from Granada, a CIMEL
Electronique CAML CE370–2 from Valencia and an Elight
UV11 from Cartagena. The LIDARs performed continuous
daytime retrievals from 28 June until 2 July. All systems
pointed to the zenith. Profiles were acquired with a time
resolution of 1 min. The data shown in this paper were
acquired with the Barcelona LIDAR system [Rocadenbosch
Table 2. Summary of DAMOCLES Instruments and Measurements Used in This Study
Type of Aerosol Retrieval Instrument/Technique Specifications
In situ sampling High volume samplers (DIGITEL and MCV) Particulate matter collection at PM10, PM2.5 and PM1 (12 h resolution)
Grimm Model 1107 Particle size distribution at 10 min resolution (0.3–10.0 mm)
Chemical analysis ICP-AES/ICP-MS 60 major and trace elements and components
Ionic chromatography Cl, SO4
2, NO3
, NH4
+
LECO Total, Organic and Elemental Carbon
Columnar burden Cimel CE318 Aerosol optical depth at 500 nm (15 min resolution)
Vertical profiling LIDAR Aerosol optical coefficients and mixing layer height (30 min resolution)
Remote sensing MODIS (C5.1, level 3) Aerosol optical depth at 550 nm
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et al., 2002] at 532 nm. The aerosol optical coefficient
profiles (backscatter and extinction) were retrieved by means
of the two-component elastic LIDAR inversion algorithm
[Fernald, 1984; Sasano and Nakane, 1984; Klett, 1985]
constrained with the Sun photometer-derived AOD [Reba,
2010]. The MLH was calculated by means of the gradient
method applied to the range-square-corrected signal [Sicard
et al., 2006]. This method looks for the absolute negative
minimum of the first derivative, which corresponds to the
strongest negative gradient of the lidar signal. The mean
MLH was calculated with a time resolution of 30 min. All
profiles were visually inspected and the resulting MLH was
cross-compared to the previous value and the following value
in order to guarantee the temporal coherency of its evolution.
A description of the LIDAR systems and a comparison of
their performances are provided by Sicard et al. [2009].
[14] MODIS AOD (collection 5.1) level 3 product from
Terra and Aqua platforms has been also used in this study
[Acker and Leptoukh, 2007]. The data was retrieved as an
average value for an area defined by a 1°  1° square cen-
tered on El Arenosillo site for the campaign days.
2.2. Meteorology
[15] During the DAMOCLES 2006 campaign, typical
summer conditions prevailed: a thermal low developed over
Iberian Peninsula with sunny days but without extremely
high temperatures (around 26–28°C during day time and 16–
18°C at nighttime), coincident with a long period of Atlantic
advections. From now on, three different phases will be
identified in the field campaign, based on the analysis of the
meteorological synoptic patterns and the atmospheric models
simulations [Pey et al., 2008]. During the first phase (from 28
to 29 June) the Azores anticyclone located west of Portugal
extended a ridge of high pressures over Western Europe and
the British Islands. On the second phase (from 30 June to
1 July) this system was weakened and an eventual particle
episode at ground level was detected at the site. This par-
ticle event consisted of a long range transport of pollution,
detected at ground level by an increase of PM levels, and was
described in detail by Pey et al. [2008]. During the third
phase of the campaign, from 2 July to the end of the field
program, a weak low pressure system with its associated
front approached to the western coast of Portugal, and forced
back to the central Atlantic the higher pressure area of the
Azores High, reinforcing again the westerly over the Gulf
of Cadiz and at the strait of Gibraltar.
[16] In this synoptic situation, local circulations governed
the observed wind regime: day time sea breezes and land-
to-sea drainage flows during the night and early morning.
As shown in Figure 1a, sea breeze started every day at
11–12 h local time, flowing perpendicular to the coast line
(180–190° direction). The land-to-sea flows developed
around midnight, and they have generally a 300° direction
with a weaker intensity. These observations were in agree-
ment with those obtained in previous studies [Alastuey et al.,
2006; Sánchez de la Campa et al., 2007]. However, from
30 June to 1 July the typical northwesterly nighttime regime
was replaced by the southeasterlies (120°) flowing almost
parallel to the coast, while the daytime sea breeze remained
unperturbed. This meteorological event and the absence of
nighttime breeze have been highlighted in Figure 1a. Their
effect on the PM levels and AOD are presented in Figures 1b
and 1c, and will be explained later.
[17] The simulations analyzed by Pey et al. [2008] with
the mesoscale model Regional Atmospheric Modeling System
(RAMS) [Pielke et al., 1992] and HYbrid Particle And
Concentration Transport Model (HYPACT) [Tremback
et al., 1993] permitted to find the origin of the meteorologi-
cal episode anomalies: during the episode, a circulation
vortex was developed that interrupted the land breeze at
nighttime. The arrival of pollution from the Gulf of Cadiz
was also found. This simulation of all the possible transport
mechanisms operating in the area and the selection of the
coast and inland sources accounts for the wide variety of
wind regimes of the region.
[18] At a lower resolution, the paths followed by the air
masses have been also estimated by their back-trajectories,
which allow a broad approximation of the regions with which
the air masses had interacted at different levels. One of the
most used models for calculating back-trajectories is the
Hybrid Single-Particle Lagrangian Integrated Trajectory
Model (HYSPLIT) developed by NOAA (R. R. Draxler and
G. O. Rolph, HYSPLIT Model, 2003, accessed March 2010
Figure 1. Evolution of (a) wind direction and speed,
(b) ground PM levels for 10, 2.5 and 1 mm, and (c) columnar
aerosol optical depth, obtained during daytime hours. The
anomalous period is framed in the plots. The sea and land
breeze onsets are highlighted with black and gray arrows
respectively.
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via NOAA ARL READYWeb site http://www.arl.noaa.gov/
ready/hysplit4.html). This model combines a Lagrangian
approximation for resolving air mass transport with an
Eulerian approximation for the diffusion of pollutants. For
each day, back-trajectories were calculated simultaneously
starting at different altitudes, based on the LIDAR profiles:
(1) 500 m above sea level, well within the boundary layer
where the greater part of the interactions affecting the aero-
sols occur; (2) 1000 m above sea level, usually representing
mid to high layers of the boundary layer; and (3) 1500 m
above sea level, representative of the top of the boundary
layer or bottom of the free troposphere, where some residual
layers can still be identified by the LIDAR profiles during
the first stage of the field campaign.
[19] In Figure 2, representative back trajectories calculated
at 12 h GMT for each of the three stages identified by Pey
et al. [2008] are shown. During the first phase (28 June) the
back trajectories identify the Atlantic northwesterly origin of
the air masses. During the meteorological event (1 July) the
back trajectories are shorter and slightly more meandering
over the arrival area. After the event (3 July) the back tra-
jectories show again an Atlantic air mass origin with no local
recirculation, resulting in the cleanest scenario found during
the campaign. Although the HYSPLIT back trajectories do
not permit to analyze the daily evolution of the air masses
to the greater detail of RAMS model, they agree within the
different resolutions of the models, already shown by Pey
et al. [2008].
3. Results and Discussion
3.1. Evolution of AOD, PM Levels and Chemical
Composition of PM
[20] The effect of the mid-campaign meteorological epi-
sode is evident on the ground PM levels, plotted in Figure 1b.
In Figure 1b, evolution of PM10, PM2.5 and PM1 mass
concentrations is presented. Peaks on PM are detected at the
time of the land and sea breezes onsets, mainly for coarse
particles (PM10). These peaks are highlighted in Figure 1b
with black and gray arrows for the sea and land breeze
onsets, respectively. However, during the meteorological
episode the PM levels steadily increased probably due to the
nighttime vortex that produced a transport of pollutants from
the Gulf of Cadiz and Lisbon area, mixed with nearby
emissions. The resultant effect would be the observed steady
increase of PM levels at the site. Once the synoptic pattern
was restored and the breezes were dominant at the site again,
the PM levels recovered their typical daily behavior, as
observed during the first days of the field campaign.
[21] The evolution of the columnar aerosol burden,
described by the AOD at several wavelengths, is plotted in
Figure 1c. Some data is missing in the mornings of days 30
June and 1 July due to the removal of cloudy affected data.
Days 28, 29 June and 2 July have a characteristic morning
maximum related to the sea breeze circulation; 3 July also
has a morning maximum, although sea breeze produces a
weaker effect on this columnar load increase. In any case,
the values recorded this day both in the column and at ground
are very low.
[22] The effect of the aerosol pollution event can be also
noticed in the columnar burden. During days 30 June and
1 July, the described daily pattern disappeared. During
30 June, it remains more stable, with minor variations in
agreement to PM values recorded at ground. Both PM and
AOD values increase from 30 June to 1 July, suddenly
decreasing at dusk time when the sea breeze is established,
Figure 2. Back-trajectories of air masses arriving at
El Arenosillo on (a) 28 June 2006, (b) 1 July 2006, and
(c) 3 July 2006. Triangles, squares and circles correspond
to 500, 1000 and 1500 m a.g.l. simulations.
ESTELLÉS ET AL.: DAMOCLES D04201D04201
5 of 14
blowing from south (180°) and sweeping inland most of the
accumulated pollutants.
[23] More insight can be gained if we visually compare the
evolution of previous PM and AOD levels with vertical
LIDAR profiles. In Figure 3 the evolution of the LIDAR
profiles in terms of range-square-corrected signal and the
obtained mixing layer height from 28 June to 2 July are
plotted. During the first phase of the campaign (days 28 and
29 June) the LIDAR signal profile intensity and the derived
MLH had a very good correspondence with AOD and PM
levels. The maximum of the MLH is reached between 1200
and 1500 UTC on 29 June around 1.6 km. After 1500 UTC
the decrease of the MLH is associated with a decrease of
the AOD. In the meantime lofted aerosol layers mostly dis-
appeared. The presence of such layers could be related to
residual Saharan dust, progressively removed by the domi-
nant Atlantic advection on 28 June. Measurements at ground
were not available until the last part of this day, although a
decreasing trend in the three PM sizes is observed from
starting measurements. On 29 June the AOD, PM and
LIDAR data also showed a good agreement, with maximum
values at noon time due to the advection of particles at low
levels, and a decreasing trend during the afternoon both in the
LIDAR profiles and the aerosol layer height, also detected
on ground PM and columnar AOD data.
[24] The aerosol layer was kept relatively confined to the
ground during the second phase of the campaign (30 June
and 1 July) with very high extinction coefficients within this
layer that increased mainly near the ground. The increase on
columnar AOD was also detected.
[25] Finally, the mixing layer height was recovered again
for the third phase of the campaign (from 2 July). The LIDAR
corrected signal reached very low values during the afternoon
of 2 July, in agreement with PM and AOD evolution. On
3 July both PM and AOD data showed the lowest daily
values of particle concentration and extinction. Unfortu-
nately no LIDAR profile is available for comparison.
[26] A qualitative correlation between ground and colum-
nar retrievals can be therefore deduced by direct comparison
of Figures 1b, 1c and 3. Most of the peaks can be identified
on the PM and AOD plots, although the minor details are not
always in agreement due to evident differences on the verti-
cal distribution of the aerosols. In some cases, changes in
concentration at high layers will not have any effect at ground
(as expected on the morning of day 28 June). In other occa-
sions, very low and heterogeneous layers of particles could
induce strong variations on PM levels, although their total
weight on the columnar integrated values could be less
important.
[27] The temporal evolution of different chemical ele-
ments and components on a daily basis was also investigated.
Figure 3. Evolution of the vertical profiles of range-square-corrected LIDAR signal at 532 nm. The color
bar represents range-square-corrected LIDAR signal in arbitrary units. The daytime MLH is represented
by black plus signs.
Figure 4. Evolution of (a) 12 h gravimetric and spectrom-
eter PM2.5 levels, compared to daily columnar AOD500;
(b) major chemical species; and (c) carbonaceous matter.
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In Figure 4a, the gravimetric PM2.5 records are plotted,
together with daily GRIMM PM2.5 measurements and also
correlated to columnar AOD levels. The 12 h gravimetric
levels refer to daytime, it is from 10:00 to 22:00 local time.
For the columnar information, the daily mean AOD at
500 nm was selected. In Figure 4a, ground and columnar
values follow a similar pattern, with higher levels obtained
for the particle episode, mainly day 1 July.
[28] Figures 4b and 4c show the evolution of the major
species (Al2O3, Ca, Fe, K, Cl, Na, Mg, NO3 and NH4
+)
and carbonaceous particles (expressed as organic matter +
elemental carbon) respectively. Although most major chem-
ical species maximize on 1 July, carbonaceous matter present
a different temporal behavior. In fact, during the atmospheric
pollution episode their concentration diminished markedly.
Only elemental carbon (EC) shows a slight maximum on
1 July. Therefore, the different proportion on carbonaceous
matter could be related to the different nature of the local
and remote polluted air masses.
3.2. Correlation Between Ground (PM) and Columnar
(AOD) Levels
[29] On previous studies (refer to Table 1) comparison
of columnar and ground aerosol measurements have been
usually performed with filter samplers on a 24 h time
basis. During DAMOCLES campaign, filter samplers were
operated in a 12 h time basis for day and nighttime periods.
Moreover, spectrometers allowed us to monitor the PM
levels at a 10 min resolution.
[30] Therefore we first performed linear regressions
between AOD at 500 nm and gravimetric PM10, PM2.5
and PM1 levels, using 24 h accumulated levels, only for the
sake of comparison with previous references. The correlation
coefficients obtained are presented in Table 3 (Grav. 24 h).
These coefficients were high (0.71–0.91) for the three size
fractions, akin to those obtained by Schäfer et al. [2008] for
an urban ambient (0.7–0.94) during 38 days and similar to
those of Schaap et al. [2009] (0.61–0.73). Other authors
obtained lower correlations for a variety of dominant aerosols
and different size of databases. Zhang et al. [2010] obtained
the highest correlation (0.94) for hourly averages, but it was
limited to three days dominated by mineral dust. Despite the
good correlation found in our case, the intercept of the
regression was slightly negative for PM10.
[31] Correlation coefficients when using 12 h samples
were lower (0.5–0.8) with the highest value correspondent to
PM10 (see Grav. 12 h row in Table 3). The intercept (not
shown in Table 3) was still negative for this fraction. The
correlation was still good for PM2.5 fraction (0.75) with an
intercept of 0.04. Smirnov et al. [2000] obtained an intercept
of 0.04 when correlating AOD at 870 nm with total dust mass
for monthly averages, due in part to aerosols in the free tro-
posphere. In general, we could expect positive intercepts in
ground–columnar correlations as occasional high level layers
with a high concentration of aerosols would bias the fitting
toward positive intercepts.
[32] Gravimetric and spectrometric PM levels corre-
sponded well [Pey et al., 2008]. Due to the higher temporal
resolution, from now on the spectrometer measurements
will be employed instead to analyze the correlation between
AOD500 and PM. To check the effect of using GRIMM
instead of gravimetric levels, first we accumulated GRIMM
values for 12 h to match the gravimetric sampling time; the
resultant correlation coefficients are included in Table 3 for
comparison (Grimm 12 h). This time, the results were satis-
fying: (1) the correlation was again high for the three frac-
tions (0.71–0.79); (2) the correlation was highest for PM2.5
and lowest for PM10; and (3) the three intercepts were pos-
itive, ranging from 0.04 for PM1.0 to almost 0 for PM10
(not shown in Table 3). These three characteristics were
in agreement with most of the authors that analyzed PM10
and PM2.5 correlations (Table 1).
[33] However, the previous 12 h accumulated values were
not representative of the time period when AOD was mea-
sured. Thus we performed new correlations by matching both
CIMEL and GRIMM sampling times. It is, in the compu-
tation of the accumulated values, we only took into account
the PM measurements that were acquired during the time
when the AOD could be retrieved (daytime, cloudless sky).
The results are presented in Table 3 (Grimm matched) and
represented in Figure 5 (black dots). The correlation coeffi-
cient did not change for PM10 (0.71) although it was slightly
higher for PM2.5 and PM1 (0.81 and 0.80). The slope was
slightly higher (although not significantly) for PM1 (0.007
0.002) than PM2.5 (0.006  0.002) and PM10 (0.005 
0.002). The intercepts were 0.06  0.03, 0.05  0.03 and
0.02  0.06 for PM1, PM2.5 and PM10 respectively. These
correlation coefficients are lower than those found for 24 h
gravimetric mass levels, but give more sensitive results and
they are still similar or higher than most of the references in
Table 1.
[34] Additional linear fittings have been applied to hourly
and instantaneous PM and AOD data. The correlation coef-
ficients have been also included on Table 3. When the hourly
fittings are performed day-by-day, the results varied between
0.39 for day 3 July (AOD was relatively stable) and 0.92 for
Table 3. Correlation Coefficients Obtained by Linear Regression
of AOD500 Versus PM10, PM2.5 and PM1 for Instantaneous,
Hourly and Daily Valuesa
PM10 PM2.5 PM1 N
Daily
Grav. 24 h 0.91 0.81 0.71 7
Grav. 12 h 0.81 0.75 0.51 7
Grimm 12 h 0.71 0.79 0.78 7
Grimm matched 0.71 0.81 0.80 7
Hourly
28 — — — 1
29 0.42 0.58 0.63 13
30 0.40 0.41 0.39 7
01 0.60 0.61 0.63 7
02 0.79 0.92 0.93 10
03 0.64 0.39 0.42 13
04 0.85 0.74 0.78 4
Total 0.53 0.75 0.75 55
Instant
28 0.05 0.04 0.04 8
29 0.39 0.48 0.55 64
30 0.23 0.33 0.33 11
01 0.59 0.89 0.90 22
02 0.90 0.91 0.92 48
03 0.36 0.30 0.37 67
04 0.75 0.35 0.42 12
Total 0.58 0.76 0.76 232
aThe number of data points used for the regressions is indicated as N.
ESTELLÉS ET AL.: DAMOCLES D04201D04201
7 of 14
day 2 July (a clear breeze pattern on AOD). Day 28 was not
taken into account because of the low temporal sampling
match. For the whole campaign data set, the correlation was
0.53, 0.75 and 0.75 for PM10, PM2.5 and PM1. In Figure 5
we have also included the scatterplots and linear fittings for
the hourly data.
[35] For instantaneous measurements, the day-by-day
correlations were still lower, although when the whole cam-
paign data set was analyzed, the results were very consistent,
with correlation coefficients about 0.58, 0.76 and 0.76 for
PM10, PM2.5 and PM1 (Table 3). In all cases, the intercept
was positive and the slope was always higher for PM1 and
PM2.5 than PM10. Summarizing, when comparing ground
and columnar loads, best correlations are obtained when
daily averages are used.
3.3. Relationship Between AOD and PM Fractions
[36] In the previous section we have shown that the cor-
relation for AOD versus PM is generally higher for PM2.5
than PM10. In order to better isolate the effect of the different
sizes, we have also considered the differences between PM
fractions: PM2.5–10 and PM1–2.5. PM2.5–10 would corre-
spond to the so-called coarse mode. PM1–2.5 would corre-
spond to a mid size interval, located between fine and coarse
modes. The fine mode referred would be better represented
by PM1 fraction.
[37] In Figure 6 the difference PM2.5–10 has been plotted
in the abscissa axis. It seems clear that for the dominant air
mass during the field campaign, the coarse mode by itself
does not drive the previous correlation between ground and
columnar levels, as the correlation coefficient is very low
(R = 0.11 and 0.14 for daily and hourly averages). The dif-
ference PM1–2.5 does not show consistent results when
switching from hourly to daily averages. Finally, the fine
fraction (PM1) has the highest correlation coefficient (R =
0.80 and 0.75 for daily and hourly averages, as shown in
Figure 5) and therefore it could be considered the dominant
PM fraction when relating ground and columnar burdens,
being responsible to the high correlations obtained for the
accumulated PM10 and PM2.5 fractions, at least during this
field campaign.
Figure 5. Scatterplot of hourly and daily mean AOD500 versus (a) PM10, (b) PM2.5 and (c) PM1.0. The
linear regressions parameters are shown in the plots. Sub indexes ‘h’ and ‘d’ refer to hourly and daily
fittings.
Figure 6. Scatterplot of hourly and daily mean AOD500 versus PM10–PM2.5. The linear regression
parameters are shown in the plot.
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3.4. Influence of the MLH on the Correlation Between
AOD and PM
[38] It is well known that the vertical structure is an impor-
tant factor affecting the relationship between the columnar
burden and the ground concentration of particles [Schaap
et al., 2009; Boyouk et al., 2010]. To explore the influence
of the vertical distribution of aerosols in the correlation, we
have used the MLH derived from the LIDAR profiles.
[39] TheMLH evolution from 28 June to 2 July was shown
in Figure 3. It is apparent that the MLH increases during the
morning and decreases during the evening. This daily pattern
could be explained by the swelling of the lowest atmospheric
layers due to intense insolation of ground.
[40] In order to introduce the effect of the MLH in the
correlations, we have followed the approach previously used
by other authors such as Schäfer et al. [2008]. In particular,
the integrated AOD can be related to the vertical distribution
of the extinction coefficient by:
AOD ¼
Z∞
0
beðzÞdz ð1Þ
where be is the extinction coefficient obtained by the LIDAR.
Now, the same quantity can be calculated only for the
aerosols inside the mixing layer. Let us call AODML the AOD
integrated between ground and the MLH. If we suppose that
the aerosols within the mixing layer are well mixed, then
the measurement at ground would be representative of the
mixing layer. In this situation we could write:
AODML ¼
ZzB
0
beð0Þdz ¼ beð0ÞzB ð2Þ
In this equation, zB is the height of the mixing layer. As
a consequence, we can estimate a ground level extinction
coefficient from the AOD obtained with the sunphotometer
and the MLH retrieved from the LIDAR profiles. Once the
extinction coefficient has been derived this way, we can
correlate it with ground level PM levels.
[41] A summary of the correlation coefficients obtained
when using the derived be(0) instead of AOD have been
presented in Table 4. In Table 4, the correlations have been
performed day by day. It is worth noting that taking into
account the MLH made (1) grow the results worse for 29
June, (2) improve insignificantly for days 30 June and 2 July,
and (3) improve very significantly for 1 July. Day 28 data
could not be fitted alone because it only included one
matching measurement.
[42] The explanation for such a different behavior most
probably resides in the multilayer complexity. In these
cases, the aerosols are not well mixed and the columnar AOD
is not representative of ground measurements. On the con-
trary, the aerosols are more confined to ground on 1 July,
with a well mixed layer most of the time. This could explain
such an improvement on the daily correlation (0.61 to 0.94,
in the case of PM2.5).
[43] If we compute the correlation using all hourly data
from 30 June to 2 July, the correlation would improve from
0.57 to 0.69 for PM1 and PM2.5. This case is plotted in
Figure 7 for PM2.5 fraction. Therefore, our data shows that
equation (2) can be very useful to derive ground mea-
surements from columnar retrievals, only if the mixing layer
assumptions apply.
Table 4. Correlation Coefficients Obtained for the Day by Day
Fittings Between Hourly PM Levels and AOD at 500 nm or
Derived Extinction Coefficientsa
Day
AOD500 be (km
1)
NPM10 PM2.5 PM1 PM10 PM2.5 PM1
28 — — — — — — 1
29 0.20 0.47 0.53 0.20 0.13 0.17 11
30 0.40 0.41 0.39 0.46 0.44 0.40 7
01 0.58 0.61 0.63 0.93 0.94 0.95 7
02 0.92 0.92 0.93 0.95 0.94 0.93 10
Total 0.29 0.53 0.57 0.27 0.58 0.62 36
aThe total represents a fitting through all the hourly points. Day 28 June
data point is included in the total fitting, but cannot be fitted separately.
Figure 7. Scatterplots of PM2.5 levels with AOD at 500 nm (black dots and continuous line) and derived
aerosol extinction coefficient (be) (white dots and dashed line) during days 28 June to 2 July. Points
represent hourly averages.
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3.5. Relationship Between Chemical Species
and Columnar AOD
[44] The AOD has been also correlated with the concen-
tration of the chemical species for the three PM fractions,
separated in three different sets: (1) major species (Al2O3,
Ca, Fe, K, Na, Mg, SO4
2, NO3
, Cl, NH4
+), (2) trace com-
ponents (Li, P, TI, V, Cr, Mn, Cu, Zn, Ga, As, Se, Rb, Sr, Nb,
Cd, Sn, Sb, Ba, La, Ce, Nd, Pb and Bi) and (3) combination
of different species in order to describe crustal particles,
secondary inorganic aerosols (SIA), carbonaceous species
(OM + EC) and marine particles (related to Na and Cl;
however, due to uncertainties on Cl determination and its
association with other species, we have only considered Na
for marine aerosols). The proportion of non-determinate
particulate mass (mostly related to water) was also included
in the last group.
[45] To better visualize the correlation coefficients we
have represented them statistically in Figure 8 as a box plot.
In the box diagram, the solid dot represents the mean value
of the sample, the box limits are percentiles U25 and U75, the
box division is percentile U50 (median) and the bars repre-
sent the mean +/ the standard deviation. In the box plot we
have highlighted the outlier species, it is, the chemical com-
ponents whose correlation coefficient is higher/lower than
the mean +/ the standard deviation. As the higher correla-
tion coefficient outliers species correspond to those chemical
species with a stronger correlation with AOD, we would
expect them to be more responsible of the observed changes
in the columnar aerosol burden.
[46] The correlation coefficients shown in Figure 8a are
higher for PM10 and PM2.5 chemical levels (0.5–0.6) but
lower for PM1 fraction. For PM10 fraction, NO3
 and Cl
reached maximum correlations (0.90 and 0.87 respectively).
Both chemicals are related to particles of marine origin.
Other marine tracers such as Na and Mg obtained high cor-
relations too (0.72). Moreover, NO3
 may represent in this
case aged marine aerosols (the presence of NaNO3 is domi-
nant instead of NaCl [Pey et al., 2008] and therefore it could
explain that it turns to be less abundant and correlated (or
even uncorrelated) in PM2.5 and PM1 fractions. Sulfate was
abundant for the three fractions, but it did not dominate the
AOD evolution.
[47] For the PM1 fraction, the better correlated species are
NH4
+ and SO4
2, reaching 0.63 in case of ammonia. These
tracers increased during the pollution episode and dominate
the columnar burden changes.
[48] Al and Ca can be considered tracers for mineral par-
ticles. The correlation coefficient for Al was 0.86 for PM2.5
and 0.41 for PM10. This difference in the correlation could
be related to the local character of PM10 marine and mineral
particles, but also to the stronger weight of the marine parti-
cles in the PM10 mode. It is also possible that marine parti-
cles are better distributed in the column and therefore more
correlated to AOD.
[49] The box plot in Figure 8b represents the correlation
analysis performed for the minor species. Concentration of
these tracers is generally very low, even undetectable for
PM1 fraction, so the analysis has been only performed for
those metals with a minimum detection threshold for PM1
and PM2.5.
[50] Despite its low concentrations, we actually found that
some tracers are very well correlated with the columnar
AOD. Sn and Sb typically related to traffic [Querol et al.,
2007] and are well correlated in both PM10 and PM2.5
levels (0.86 and 0.83, respectively). Mineral tracers such as
Li, Ga, Sr or Nb are also well correlated, with correlation
coefficients between 0.66 (Li) and 0.87 (Ga) for PM10.
[51] On the other hand, other species also exhibit a strong
anti-correlation. For example, Bi, Pb and As are industrial
tracers from Huelva area. Sánchez de la Campa et al. [2007]
registered their maximum concentrations when lower PM
and AOD levels were measured, showing a marked anti –
correlation with AOD (0.72 for As).
[52] The third group of chemical species to be correlated
with AOD is composed by combinations of individual spe-
cies related to a particular origin, it is: crustal, SIA, carbon
and marine. The resultant correlation coefficients have been
Figure 8. Statistical box diagram representing the correla-
tion coefficients obtained for the (a) major chemical species
in the three PM fractions and AOD and (b) minor chemical
species in the PM10 and PM2.5 fractions.
Table 5. Correlation Coefficients Obtained by Linear Regression
of AOD500 Versus PM10, PM2.5 and PM1 for Crustal, SIA,
OM + EC, Marine and Nondeterminate Components
Species PM10 PM2.5 PM1
Crustal 0.55 0.80 0.37
CIS 0.84 0.71 0.61
OM + EC 0.56 0.54 0.11
Marine 0.72 0.55 0.50
Nondetermined 0.76 0.48 0.63
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presented in Table 5. Secondary components were the most
abundant (24–39% mass for the three fractions) during the
field campaign [Pey et al., 2008] and so they are also well
correlated for the three size fractions (0.61–0.84). These
components are less related to local sources and there-
fore their distribution along the column could be more
homogeneous, mainly for fractions PM1 and PM2.5. Organic
matter and elemental carbon are the second most abun-
dant species (20–25% mass for the three fractions) but in this
case the correlation is the lowest, possibly due to a change on
the pollution origin (carbon compounds decreased during the
high PM episode).
[53] As expected from the analysis of individual chemicals,
crustal tracers are best correlated for the PM2.5 fraction
(0.80) and marine species are best correlated for the PM10
fraction (0.72) in spite of their low concentration during the
campaign (4–13% for crustal, and 1–10% for marine). A
nondeterminate fraction of mass was nonnegligible and it
was best correlated in PM10 fraction. This fraction was
mostly composed by water, associated to hydrophilic species
such as coarse nitrate and sea spray present in PM10 fraction,
but also to SIA components in PM1. Therefore, the high
correlation found for PM10 could be also driven by the
combination of water vapor and marine hydrophilic species;
and for PM1, both SIA and water would drive the changes in
particulate matter and on the columnar burden.
[54] A few authors have previously studied the relationship
between the columnar extinction and the chemical analysis
of ground PM samples at three fractions. Slater et al. [2004]
analyzed 8 inorganic ions and carbon (EC and OC) in 24 h
filters for PM10 and PM2.5. With a 96 days database they
could trace two different distant source areas of pollution,
characterized by a different dominance of sulfate and carbo-
naceous compounds. Cheng et al. [2008] correlated aerosol
columnar properties with ground level concentrations of
chemical species (20 trace elements and gases) analyzed in
24 h filters. In this case, the analysis was only performed for
dust intrusion days, so the amount of particulate matter was
consequently high. The correlation they found between
crustal elements and columnar properties was considered to
be good (0.6–0.8). Due to the high aerosol concentration
suffered during intrusion days, the chemical analysis of trace
elements was more accurate, and their correlations were more
significant than ours.
3.6. Performance Assessment of the MODIS
AOD Product
[55] In previous sections we have shown the good correla-
tion existing between ground measurements of PM, columnar
AOD, LIDAR vertical profiles and some chemical compo-
nents related to aerosol origin. Even in a relatively clean
environment such as El Arenosillo site, these techniques were
able to describe similarly the same day to day variations.
[56] However, the most interesting and challenging appli-
cation would consist on successfully correlating the ground
level particulate matter levels and the remote sensing columnar
retrievals. Hence, we have also obtained the MODIS AOD at
550 nm as a level 3 product (Collection 5.1) from both Terra
Figure 9. Compared temporal evolution of AOD at 550 nm retrieved by the Cimel sunphotometer and the
MODIS sensor on Terra/Aqua platforms. The error bars represent the standard deviation of AOD in the
selected area around El Arenosillo station.
Figure 10. Scatterplot of ground PM levels and MOD/MYD aerosol optical depth at 550 nm. The linear
fittings equations and correlation coefficients are also indicated in the plot.
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and Aqua platforms. In Figure 9, MODIS and Cimel AOD at
550 nm has been plotted.
[57] Qualitatively, MODIS product is able to similarly
reproduce the day to day variations of columnar AOD.
In Figure 9, the error bars represent the standard deviation of
the AOD sample within a selected 1°  1° area centered on
El Arenosillo station. Both Terra and Aqua overpasses have
been used, and they are differently represented in the graph.
[58] In Figure 10 we have plotted the three ground level
PM cuts against the MODIS AOD retrieval. The results show
an acceptable correlation, also dependent on the PM fraction.
In agreement with previous sections, the PM10 gets the
lowest correlation coefficient (0.42). In contrast, the PM2.5
and PM1 cuts have similar correlation coefficients of 0.62
and 0.60.
[59] Furthermore, the intercept of the linear fittings are
close to zero for both PM2.5 and PM1 cuts (9 mg/m3 and
7 mg/m3 respectively), as compared to the PM10 cut
(19 mg/m3). In contrast to the correlation between Cimel
AOD and PM, these positive intercepts would be originated
by the increased uncertainties in the surface reflectance [Chu
et al., 2002] mainly in low burden conditions.
4. Conclusions
[60] In this study we have correlated aerosol measurements
at ground level (particulate matter or PM, and concentration
of chemical species) and in the whole atmospheric column
(represented by the aerosol optical depth or AOD at 500 nm)
during the DAMOCLES 2006 field campaign. This field
campaign took place in El Arenosillo station (Huelva, Spain)
in summer 2006. During this field campaign, three different
phases were identified, based on the analysis of meteoro-
logical measurements and numerical simulations of the
atmospheric conditions. The effect of these different con-
ditions was evident in the variable properties of the atmo-
spheric particles, and an episode of high pollution was
consequently identified and characterized.
[61] To relate ground and columnar values, linear regres-
sions were fitted to the data. In general, columnar AOD500
and ground level PM evolution agreed well, with correlation
coefficients that ranged from 0.71 to 0.81 for PM10, PM2.5
and PM1, when spectrometer daily means were used. Best
correlations were found for the lowest fractions. Differences
PM10–PM2.5 and PM2.5–PM1 were also correlated with
AOD500. The use of these fractions allows us to isolate the
different modes in the size distribution. The results show that
PM1 fraction drives the correlation with AOD. The AOD
was shown not to be very sensitive to variations on PM10.
[62] The effect of the vertical structure of the aerosol layers
has been taken into account by retrieving the mixing layer
height from the LIDAR profiles. From the AOD and the
MLH, an effective extinction coefficient has been estimated.
This extinction coefficient has been correlated with PM
levels instead of AOD. Using the extinction coefficient does
not improve the global results significantly, although they
can introduce a significant correction if introduced on cases
where no elevated layers exist and the mixing layer is well
mixed.
[63] Level 3 MODIS aerosol optical depth from
Collection 5.1 has been also compared to Cimel retrievals
and correlated to PM cuts. The correlation was higher for
PM2.5 and PM1 cut sizes (R = 0.60–0.62).
[64] Finally, the relationship of AOD with a series of
chemical species has been also analyzed. The secondary
components were the most abundant and were also well
correlated in the three size fractions. Traffic (Sn, Sb) and
mineral (Li, Ga, Sr or Nb) tracers were found to be also well
correlated in PM10 and PM2.5. For PM10 fraction, chemical
species related to marine origin were the best correlated
(correlation coefficients of 0.87 and 0.90 for Cl and NO3
).
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